A number of proteins with intrinsically disordered (ID) regions/domains are reported to be found disproportionately higher in transcription factors. Available evidences suggest that presence of ID region/domain within a transcription factor plays an important role in its biological functions. These ID sequences provide large flexible surfaces that can allow them to make more efficient physical and functional interactions with their target partners. Since transcription factors regulate expression of target genes by interacting with specific coregulatory proteins, these ID regions/domains can be used as a platform for such large macromolecular interactions, and may represent a mechanism for regulation of cellular processes. The precise structural basis for the function of these ID regions/domains of the transcription factors remains to be determined. In the recent years there has been growing evidence suggesting that an induced fit-like process leads to imposition of folded functional structure in these ID domains on which large multiprotein complexes are built. These multiprotein complexes may eventually dictate the final outcome of the gene regulation by the transcription factors.
Introduction
Biologically functional proteins and/or protein domains/ regions that appear to exist as an ensemble of reversible conformers with only little or no well defined secondary/tertiary structures, and are being recognized to contain amino acid sequences that fail to automatically fold into their fully compact functional conformations under physiological conditions, have grown exponentially in last decade or so [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . These are often known as intrinsically disordered (ID) proteins, which possess protein surfaces with largely unstructured and dynamic conformations [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . One common characteristic of many ID protein regions is high number of charged amino acids and low hydrophobicity, which acts to destabilize an ordered conformation [11] . Importance of ID regions/domains in cell signaling and regulation can be easily judged by the fact that these ID containing regions/domains are reported to be much higher in eukaryotic genomes when compared with prokaryotes [12] [13] [14] [15] . The abundance of such ID protein regions/domains in eukaryotes could be due to the fact that their flexible and dynamic conformation promotes recognition of target molecules or functional binding partners, by creating large interaction surfaces suitable for macromolecular interactions [9] [10] [11] . There are reports showing that transcription factors with modular structures commonly possess one or more of ID regions/domains, and it is believed that nature has created such flexibility for specific functions that may require large structural flexibility under physiological conditions [12, 16] .
In spite of having common characteristics of ID nature, these regions/domains often do not share sequence homology with other members and are quite variable in size compared to other similar domains within the transcription factors [17] [18] [19] [20] . For example, steroid receptors, which possess an ID activation domain located in their N-terminal domain, are quite variable in size and sequence homology [17] . Due to unstructured nature of these ID domains it has been quite difficult to study their three-dimensional structures, and only in the recent years, we have begun to understand their structural basis [21] [22] [23] . However, compared to proteins with globular structures, still not much is known about their three-dimensional structures. As we have begun to understand their physical and functional characteristics, it is now well accepted that in order to function optimally, these ID regions need to acquire well defined conformations under physiological conditions [24] [25] [26] . To fully understand how precisely a transcription factor transmits the signal to regulate the expression of its specific target gene(s), it is pivotal to gain structural and functional information about ID regions, particularly those within the activation domain [27] . It is likely that conformational flexibility of ID region allows it to adopt protein surfaces such that an efficient interaction can be established with other target binding partners that can result in ID sequences to achieve ordered conformation(s) to carry out their functions [1] [2] [3] [4] [5] [6] [7] [28] [29] [30] [31] [32] . The obvious questions then become, what causes these conformations? Is there any unifying mechanism that dictates these conformational alterations? Do all such ID regions adopt a unique conformation under physiological conditions? Are the conformational transitions taking place during folding/unfolding of these ID regions, highly dynamic process? How do internal and external factors influence their structural dynamics in a particular cellular environment? These and several other fundamental questions warrant an answer to understand this complex yet extremely important phenomenon with far reaching biological consequences. Therefore it is important to address the underlying structural and functional correlations that govern this critical, yet not fully understood process.
Some studies have shown that transcription factors remodel chromatin structure in an extremely dynamic situation such that they have the capacity to rapidly form and reform multiprotein complexes involving critical coregulatory proteins including those from the fundamental initiation complex machinery [17] . Thus, the role of their ID region/domain(s) with flexible conformations becomes much more important, and in fact this could provide a mechanism for inclusion or exclusion of specific protein complexes that may ultimately influence the final outcome responsible for regulation of target gene either through activation or repression [33] [34] [35] [36] . It is now well accepted fact that transcriptional regulation is a highly complex and dynamic process that allows relatively small number of transcription factors to generate a huge variety of gene expression through various permutations and combinations of their interactions with target binding partners [37] [38] [39] [40] [41] [42] [43] [44] [45] . Thus, the notion that ID domains/regions of transcription factors must have significantly ordered conformation in their normal cellular milieu under physiological conditions pose a paradox that must be solved before we can fully understand their role in gene regulation [17] . Hypothetically, there could be several possibilities to resolve this phenomenon [17] . Several research groups including ours are actively involved to answer these questions. It is important to note that under physiological conditions, there are several cellular events including molecular crowding, both due to the presence of small molecules and/or macromolecules that could influence the structure formation in such ID proteins [25] . Since transcription factors function through interactions with a network of gene assembly at the level of protein expression, these kinds of conditional folding become much more relevant for them [5] . In the recent years, data from both experimental and computational approaches are supporting this theory, and are helping us in gaining knowledge about the functional structures of ID proteins/peptides [5, 6] . In this paper, we have discussed various ways by which these ID regions/domains of the transcription factors could acquire functionally ordered conformation(s), essential for their optimal functions under physiological conditions.
Factors Responsible for Bringing Ordered
Conformation(s) in the ID Region/Domain of the Transcription Factors
For years, we have been relying on the theory that according to thermodynamic hypothesis of Anfinsen, the amino acid sequences can provide all information needed to determine the fold of a protein, and only one collapsed folded state is possible for a specific sequence [46] . Until recently, no data challenged this concept; however, more and more we learn about characteristics of protein folding process, it becomes clearer that it is not possible to predict with certainty the folded form of a protein from its primary sequence, and recent progresses made with the class of proteins that are ID or contain ID regions seem to challenge this hypothesis [1] [2] [3] [4] [5] [6] [7] . In our opinion, the biggest drawback with such a theory is that it does not consider the highly dynamic and mobile nature of protein conformation that gives such a profound flexibility to protein to adopt a number of conformations in a given cellular environment in a rapid manner. ID proteins can be divided into two classes (at least); those that can adopt a unique native conformation when subjected to stabilizing conditions (i.e., the addition of natural ligands such as proteins and DNA or stabilizing osmolytes), and those that apparently have no stable native state [7, 17] . The ID regions of many transcription factors fall into the category of those ID proteins that can fold into unique structures, suggesting that if functional properties of the transcription factors are coupled to folding/unfolding in the ID region, thermodynamic analysis of the equilibrium should provide a quantitative characterization of their function [7, 12, 34] . In this situation, the change in free energy should be reflected to favor folding process due to the factors responsible for folding [47] . In fact, we and others have discovered several ways to make the ID portion of several transcription factors to fold into a functionally active form that can facilitate transcriptional activity of related protein [47] [48] [49] [50] [51] [52] [53] . Thus, the knowledge we have gained so far supports the idea that the conditional binding/folding of the ID regions of the transcription factors may be an important requirement for its role in gene regulation [17] .
Since transcription factors work in a very selective manner to regulate specific sets of genes, conformational flexibility of ID region/domain may set up appropriate assembly of coregulatory proteins in an efficient and selective manner to regulate the target gene [17] . It is no secret that ID stretches are quite common in proteins with essential basic cellular functions (including many transcription factors), and thus may be recognized as a separate functional and structural entity based upon the basis of structure and function within the protein classes [1] [2] [3] . However, it may be premature to do so, unless more structural and functional characterization of such proteins becomes available. Due to their differential structural and functional characteristics from those of ordered proteins, ID proteins require special experimental and computational tools for their characterization [1, 3] . In a number of signaling proteins, sites of posttranslational modifications (such as site-specific phosphorylation) are located within ID region/domain [6, 54] . One of the main reasons for such propensity is to facilitate extensive formation of hydrogen binding between the backbones and/or side chains that can occur through disorder-order transition within the ID region [54] . The structural flexibility of ID proteins helps them to more easily and specifically adapt to protein:protein and protein:DNA interaction cascades and possibly in gene regulation including alternative splicing [55] . Knowledge of these factors and the kind of conformations adopted by the ID regions/domains within the transcription factors will lead to an understanding of the role of order/disorder transition in the transcription process. Details of some of the possible events that might lead to functionally folded conformations in the ID regions/domains under physiological conditions are discussed in the sections below in detail.
Osmolyte-Induced Folding of Intrinsically Disordered Region/Domain of the Transcription Factors
Organic osmolytes are found widely in nature to protect cellular proteins against harsh conditions such as the effects of dehydrating conditions, other hypertonic states, or the build-up of potentially denaturing metabolites, and are known to interact with the peptide backbone of proteins [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] . Osmolytes are synthesized by microorganisms, plants, and animals in response to environmental stress to protect proteins against denaturation [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] . The free energy of these interactions corresponds to the propensity of protein to either fold or unfold due to presence of osmolytes [64] [65] [66] . In spite of small energy magnitude of such interactions, peptide bonds are by far the most numerous structural component of a protein [62] [63] [64] . Consequently, the sum of such interactions can be quite large [64] . It is the balance between osmolyte-backbone interactions and amino acid side chain-solvent interactions that determines the outcome on protein folding [64] . In most cases, ID regions do not contain sufficient hydrophobic residues to fold spontaneously, thus addition of an osmolyte shifts the balance to a favorable negative free energy for folding [64] . The unfavorable interaction of the osmolyte with the peptide backbone causes the preferential exclusion of the osmolyte from the protein-water interface, and it dominates over any favorable interaction of the osmolyte with the side chains of amino acids of the protein [61] . It is the balance between osmolyte-backbone interactions and amino acid side chainsolvent interactions that determines the outcome on folding [59] . The quantity of osmolyte required depends on both its inherent solvophobic interaction with peptide backbone and the free energy balance provided by the sum of all backboneosmolyte interactions and the sum of all amino acid side chain-solvent interactions [68, 69] . It has recently been shown that the effects of differing osmolytes are additive, so that under physiological conditions, cellular profolding molecules (such as osmolytes) may reach even higher summative concentrations [64] [65] [66] . Certain plants, animals, and microorganisms have adapted to environmental stresses that change the intracellular water activity by producing small organic osmolyte molecules [61, 62] . Indeed, in some organisms and in mammalian cells, certain class of osmolytes arise to counteract the effects of high intracellular concentrations of urea or other denaturing conditions on the biological activity of relevant proteins [61, 62] . Osmolytes are known to perform vital functions in many different tissues in the human body, particularly kidney and brain. Without presence of relatively large quantities of osmolytes, the kidneys may not be able to function [56, 61] . For example, urea tends to decrease the k cat and increase the K m of enzymatic reactions, while the counteracting osmolyte TMAO tends to have the opposite effects, that is, increasing k cat and decreasing K m [70] . Furthermore, it has been shown that urea and osmolyte, trimethylamine-N-oxide have opposite effects alone or in combination [64] . It is therefore logical to believe that many other osmolytes could have similar effects depending upon the environmental conditions and cellular effects. Studies undertaken in last several years from various laboratories on osmolytes suggest that osmolyte-induced structures are in fact native-like with functional activities under physiological conditions [61] [62] [63] [64] . Osmolytes are natural substances, used by many organisms to enhance proper protein folding [61] [62] [63] [64] . Human kidney, for example, contains several osmolytes, and it has been calculated that osmolyte concentrations in whole tissues often reaches quite high relative to cell water content, suggesting that in certain cells/tissues, their concentrations are almost surely much higher [61, 62] .
It is well accepted fact that when a protein folds into a cooperative manner, it should result in a nativelike functional species, and the consensus is that when cooperative folding in the presence of an osmolyte occurs, it is to the native folded structure [61, 62] . Osmolytes can force ID protein to fold into native-like functional species with significant secondary and tertiary structural contents in it [17] . Our published data on the osmolyte-induced folding of ID activation domain of steroid receptors strongly supports this idea [17] . We have used several osmolytes to cooperatively fold an ID activation region (AF1) located in the N-terminal domain of the glucocorticoid receptor [71] . We have shown that when AF1 is incubated in increasing concentrations of natural organic osmolytes representative of three classes: certain amino acids (proline), methylamines (sarcosine), and polyols (sorbitol), the ID AF1 peptide folds into functionally active conformation(s) that selectively binds several critical coregulatory proteins, and subsequent transcriptional transactivation activity [71] . A study has shown that oral administration of an osmolyte, trehalose can inhibit polyglutamine-mediated protein aggregation in cerebrum of transgenic mouse model of Huntington disease and increased life span [72] . It has been suggested that these beneficial effects of trehalose are due to stabilizing the partially unfolded polyglutamine-containing Huntingtin protein [72] . This protein aggregation/misfolding process constitutes a hallmark of neurodegenerative pathologies, including Alzheimer's, Huntington's, and Parkinson's diseases, and if osmolytes can provide a unifying mechanism of action, this may have far reaching consequences in developing better therapeutic tools for the management of such diseases. Such effects of osmolytes on protein folding pathways have become important to study. Under physiological conditions, the cellular compositions of osmolytes may vary significantly; therefore, different protein folding pathways utilized in the cell may depend upon the cellular environment within it [61] . Understanding the role of osmolytes in cell regulation will not only allow to predict the action of osmolytes on macromolecular interactions in stressed and crowded environments typical of cellular conditions, but will also provide insights on how osmolytes may be involved in pathologies or in their prevention.
Role of Site-Specific DNA Binding in the Induced Folding of Intrinsically Disordered Region/Domain of the Transcription Factors
It is well established that to regulate transcription, transcription factors act on specific genes by binding to regulatory element sites in the DNA, generally located upstream from the relevant transcription start site, and termed as response element [27] . Once bound to its specific response element through high affinity and specificity for the relatively short DNA sequences contained therein, the DNA bound transcription factor collects a variety of other coregulators that modify chromatin structure and/or interact with the proteins from the primary transcription initiation complex to regulate transcription from the relevant promoter [73, 74] . Thus, both protein-DNA and protein:protein recognition are central processes in transcription factors function, and several reports indicate that these interactions are often accompanied by conformational changes leading to folding of the ID region(s) in a protein molecule [21, 73, 74] . There are reports that DNA binding stabilizes the overall global fold of protein in a manner that is consistent with foldingcoupled target recognition as a mechanism to control sitespecific recombination, and protein flexibility is involved in such induced-fit recognition particularly in ID DNA binding proteins [75] . It is an established fact that transient interactions between transcription factors and site-specific DNA sequences are common and fundamental to many cellular processes, and protein flexibility is found to play a major role in protein:DNA binding where conformational flexibility of protein acts to maximize efficiency of protein:DNA binding [75] . For transcription factors, protein first binds DNA nonspecifically (with low affinity) in a partially or fully unfolded state and undergoes folding of ID sequences when it finds specific DNA site to which it binds tightly with high affinity [75] .
An important biological implication of this binding/folding phenomenon is that in early events protein backbone mobility may play an important role in a specific binding with target molecule; whereas later events may lead to specific signals being passed to the target gene(s) from the complex of proteins, which emerges only after appropriate conformational changes take place [12] . Based on these observations, it is logical to hypothesize that site-specific nucleotide sequence of the regulatory element sites affects not only the overall affinity of the transcription factor for its regulatory element site, but also influences its overall conformation such that the ID region(s) of these proteins can acquire much needed ordered conformation(s) [17] . As a result of such events ID surfaces on the protein molecule can be modified to accommodate various critical ancillary factors [73, 74] . Since transcriptional regulation for a specific gene depends upon the interactions of these coregulatory proteins, the exact DNA sequences of the available sites in the regulatory region of the DNA of the gene could help determine gene regulation [73, 74] . Biophysical studies (using Circular Dichroism and Fluorescence Emissions) carried out by us have shown that stoichiometric binding to a consensus response element of the glucocorticoid receptor (an intracellular transcription factor, belonging to the nuclear hormone receptors superfamily) results in a considerable amount of binding energy being devoted to intramolecular rearrangement in its N-terminal domain where a powerful ID transactivation domain is located [49] . Similar studies from other groups using the progesterone receptor have also been reported that its site-specific DNA binding results in additional structure in its ID N-terminal domain [52] . Together, these results suggest that one of the reasons why sequence specific DNA binding has such a profound effect on function of the transcription factors in general and the steroid receptors in particular may be so that their ID sequences may acquire an ordered conformation(s) [17] .
Since many transcription factors possess ID activation domain that is responsible for their transcriptional transactivation activity, and this activation domain provides a platform for interaction with other coregulatory proteins, DNA binding induced conformational alterations in transcription factors is of immense importance in regulating the expression of target genes [5, 12, 17] . Of course, conformational changes in other parts of the molecule cannot be ruled out. For example, in case of the steroid receptors, DNA-binding induced structural changes in the N-terminal ID domain may be influenced by other intramolecular cross communications such as interactions between N-and Cterminal domains, and/or due to binding of specific ligands [17] . Though these studies certainly provide a reasonable explanation of why such a specific protein:DNA interaction takes place in a promoter region involving transcription factor, resolution of these models will require further future experiments. Of course, availability of three-dimensional structure of such ID containing region bound to DNA through their DNA binding domain will provide much needed information. Since gene regulation is an essential function in all organisms and provides the ability to respond Journal of Biophysics 5 to signals that reflect intra-and extra-cellular environmental conditions, understanding the role of protein:DNA interactions involved in the regulation of gene expression has been a major challenge. In the recent years, a broad range of techniques have been used to explore the molecular and energetic basis of DNA recognition, assembly, and allosteric changes within regulatory proteins that involves transcription factors.
Role of Protein:Protein Interactions in Giving ID Region a Functionally Folded Conformation
It is a well established fact that there are a number of proteins often known as coregulatory proteins that make physical and functional interactions with DNA-bound transcription factors and participate in their transcriptional activation function [17] . These coregulators act as coactivators or corepressors depending upon the up-or down-regulation of the target gene by specific transcription factor [17] . Of course, addition of several additional cofactors cannot be ruled out that may be involved either directly or indirectly; some of them are ubiquitous, while others cell-specific [17] . In fact, for many transcription factors, it has been reported that their effects on transcriptional activity may be celland promoter-specific and potential explanation for these effects can be attributed to the formation of the assembly of transcription factor with other coregulatory proteins in a particular cellular setup [17] . Thus, specific combination of transcription factor and coactivators/corepressors results in the specific control of particular genes [17] . But the obvious questions then come to mind: how is the choice of coregulator interaction with specific transcription factor made? Some of the explanation for this can be provided from the fact that differing surfaces of the transcription factor are important for regulation of various genes [17] . There are several reports showing that protein:protein interactions may result in induced-fit alterations in the structure formation in ID region of the transcription factors [5] . In Figure 1 , we have illustrated a model of binding/folding for ID domains/regions under physiological conditions. Many ID regions are known to undergo to more ordered conformational transition after interacting with their protein binding targets [5] . For example, ID kinaseinducible transcriptional-activation domain (KID) of CREB folds into a more ordered conformation on binding to its target peptide in CBP [5] . ID activation domain of cMyc (another transcription factor known to regulate the transcription of genes involved in normal cell growth, differentiation, and apoptosis) selectively binds to proteins from the basal transcription factors, and undergoes induction of protein conformation in the ID domain of c-myc during this interaction with the target factor [29] . Similar studies have been shown involving the activation domain and its target protein for other transcription factors [30] [31] [32] . We and others have shown that when an ID regulatory region of steroid receptor binds to its coregulatory protein from basal transcription machinery, structure is formed in the ID activation domain of the steroid receptor [27, 29] . Dyson and Wright have suggested that the binding of ID regions to their targets is often regulated by covalent modifications, which leads to simple biological switches [5] . Applied to the ID region of transcription factors, this induced-fit model of folding hypothesizes that these ID regions do not adopt fully ordered conformation(s) until they bind to one or more of their key target partner proteins [17] . It appears that many transcription factors need to be more flexible in order to be efficient in carrying out their functions [12] . Because specific region(s) of these transcription factors act by interacting with specific binding partner proteins, it is likely that their flexible structure helps them create a favorable surface for these interactions [5, 12] .
In the recent years, much attention has been focused on the role of protein:protein interactions in gene regulation by transcription factors, although a systematic analysis of all possible interactions and underlying mechanisms is still lacking. Due to varied expression patterns, many cell types 6 Journal of Biophysics contain an assortment of different factors that can interact with a single transcription factor [17] . It seems likely that the precise protein assembly, based on relative affinities combined with the allosteric effects, largely define the final transcriptional potential of each transcription factor in a given cell [5, 17] . Thus, coregulatory proteins may influence or modulate the activity of a transcription factor through multiple mechanisms [5, [74] [75] [76] . In order to fully understand the mechanisms of gene regulation by transcription, we must acquire the knowledge that governs this complex yet extremely important phenomenon. As we learn more and more about the role of binding/folding events in gene regulation by transcription factors, it becomes clearer that highly flexible and dynamic nature of ID regions/domains is an inherent advantage in these molecules that exploits its protein surfaces for critical interactions with various coregulatory proteins in order to achieve desired targets in an efficient and highly specific manner [5] . Under physiological conditions, the ultimate composition of the assembly and kind of induced folding in the ID regions/domain may dictate the final outcome of the signals to be passed by specific transcription factor to the target gene [17] . As we start to understand more about folded functional conformations of these ID stretches and the sequence of events that lead to such folding, we should have answers to many questions that regulate the expression of gene. In addition to protein:protein interactions, for some transcription factors, RNAs are also known to function as cofactors [77] , therefore ID-rich transcription factors may offer a platform of RNA binding. It is also important to note that structural flexibility is a common phenomenon in several protein:RNA recognition processes, and these interactions often involve conformational changes in the structure of the RNA, protein, or both [78] .
Summary and Perspectives
No doubt the elucidation of the human genome has provided us an incredible opportunity to find out an immense amount of structural information that may be contained within the human genome, yet our efforts must be devoted to understand how the expression of this genetic information is regulated and how the interactions between the vast array of expressed proteins are controlled. With large data generated from various research groups on protein:protein interactions involving transcription factor and its relationship with target gene regulations, it has become possible to visualize a global view of biological networks. Dynamic macromolecular interactions are key elements in the regulation of many biological systems, particularly in gene regulations by transcription factors [76] . In addition to other factors, the dynamic nature of such protein:protein interactions may be the result of internal conformational dynamics in the constituent molecules [76] . In the recent years, many observations led us to believe that direct protein:protein interaction may be an essential step in realizing properly folded and functionally active structure in their ID region [5] . Though limited, data indicate that the ID sequences may be adopting functionally folded conformation(s) under physiological conditions through these interactions [17] . However, it remains to be determined what kind of functional ordered conformation(s) these ID domains adopt, and whether there are multiple folded conformations generated depending upon the nature of binding partner(s) involved. The resulting structurally modified conformation(s) of these ID regions may further be providing protein surfaces to attract other target molecules, essential for functions [5] . Available knowledge so far on how these ID domains of transcription factors adopt ordered conformation(s) under physiological conditions supports this notion. However, more studies are needed to determine precise mechanisms through which these ID regions/domains acquire a well defined structure. It is now recognized that the conformational flexibility of ID domains/regions is a general feature of most transcription factor proteins, we must take into account their structural features in a network sense as recently described [79] . Since several small molecules as potential drug targets have been found to act by blocking specific protein:protein interactions [18] , and that ID regions of transcription factors are known to form the platform for many such protein:protein interactions, a better structural and functional understanding of ID proteins will be a potent tool for drug designing [55] . The utilization of various drug delivery systems such as nanotechnologybased products is anticipated to revolutionize treatments for diseases in future. Thus, rapidly growing field of ID proteins' structural analyses combined with their functional behavior will allow cross-disciplinary researchers the opportunity to design and develop multifunctional approaches to develop better therapeutic tools that will generate novel ideas and help accelerate critical advances in the field of biomedical research.
